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We	  report	  on	  our	  efforts	  to	  construct	  a	  single-‐ion-‐qubit	  sensor	  capable	  of	  Heisenberg	  
limited	  detecLon	  of	  external	  fields	  that	  can	  be	  efficiently	  coupled	  to	  the	  ion	  qubit.	  	  
Based	  on	  a	  single-‐qubit	  iteraLve	  phase	  esLmaLon	  algorithm	  (IPEA)3,	  a	  quadraLc	  
enhancement	  in	  quantum	  phase	  esLmaLon	  precision	  is	  achieved	  when	  compared	  to	  
standard	  shot-‐noise	  limited	  measurement	  protocols	  without	  using	  any	  entanglement.	  	  
This	  approach	  also	  has	  the	  advantage	  that	  it	  does	  not	  require	  an	  understanding	  of	  
the	  quantum	  Fourier	  transform,	  and	  it	  is	  readily	  related	  to	  more	  convenLonal	  
approaches	  for	  measuring	  phases.	  	  The	  bit-‐by-‐bit	  esLmaLon	  of	  an	  unknown	  phase	  
only	  requires	  standard	  quantum	  informaLon	  processing	  (QIP)	  protocols	  in	  addiLon	  to	  
the	  use	  of	  single-‐qubit	  rotaLons	  that	  are	  each	  of	  a	  relaLve	  phase	  that	  is	  condiLoned	  
on	  all	  previous	  classical	  outcomes	  in	  the	  measurement	  sequence.	  	  Successful	  
implementaLon	  of	  the	  IPEA	  will	  demonstrate	  a	  working	  quantum	  circuit	  with	  
relaLvely	  immediate	  and	  useful	  applicaLons	  in	  basic	  science,	  remote	  sensing,	  and	  
clock	  synchronizaLon.	  	  We	  also	  describe	  the	  potenLal	  applicaLon	  of	  novel	  ion	  trap	  
architectures	  previously	  put	  forth4,5	  to	  the	  problem	  of	  miniaturizing	  the	  IPEA	  
experiment	  as	  well	  as	  other	  single-‐	  and	  mulL-‐qubit	  quantum	  enhanced	  metrology	  
experiments.	  	  While	  these	  architectures	  were	  iniLally	  conceived	  in	  the	  context	  of	  
large-‐scale	  QIP	  and	  quantum	  simulaLon,	  we	  face	  similar	  technical	  challenges	  in	  
developing	  deployable	  ion	  trap	  based	  quantum	  sensors.	  	  This	  provides	  further	  
impetus	  for	  developing	  relevant	  enabling	  technologies	  with	  both	  long-‐	  and	  short-‐
term	  applicaLons.	  
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①  Single	  ion	  probe	  for	  measuring	  a	  parameter	  of	  an	  applied	  field.	  
②  Measure	  phase	  	  	  	  	  	  induced	  by	  the	  applied	  (i.e.,	  the	  measured)	  field.	  
③  Use	  QIP	  techniques;	  “+”-‐state	  	  	  	  	  	  	  	  “0”-‐state,	  and	  “-‐”-‐state	  	  	  	  	  	  	  	  “1”-‐state.	  
④  	  Use	  coherent	  feedforward	  on	  	  	  	  	  	  in	  sequenLal	  measurements	  to	  achieve	  HL	  scaling.	  
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A	  single	  ion-‐qubit	  sensor	  .	  .	  .	   Relevant	  86,88Sr+	  laser	  systems	  .	  .	  .	  

①  422	  &	  1092	  for	  Doppler	  cooling	  and	  qubit	  state	  readout,	  ~100%	  readout	  efficiency.	  
②  674	  &	  1033	  for	  resolved	  moLonal	  sideband	  cooling	  to	  near	  moLonal	  ground	  state.	  
③  674	  for	  coherent	  operaLons	  on	  the	  opLcal	  qubit.	  
④  2-‐photon	  ionizaLon	  loading	  process;	  have	  some	  isotope	  selecLvity.	  
⑤  The	  405	  is	  a	  bare	  diode	  laser,	  and	  the	  system	  works	  with	  only	  2	  μW	  of	  461.	  

Lasers	  for	  metrology	  
(locked)	  

Lasers	  for	  photo-‐ionizaLon	  
(unlocked)	  

Frequency	  stability	  of	  the	  lasers	  .	  .	  .	  
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S-D transition, fit gives width of 1.03(6) kHz

long-term drift = 52(1) kHz/day

①  Qubit	  laser	  locked	  to	  an	  ultra	  low	  expansion	  (ULE)	  cavity	  using	  the	  PDH	  technique.	  
②  ULE	  cavity	  temperature	  stable	  to	  within	  ~	  1	  mK	  over	  24	  hour	  period.	  
③  Long-‐term	  drim	  is	  52	  kHz/day;	  short-‐term	  nonlinear	  drims	  ≤	  6	  Lmes	  long-‐term	  drim.	  
④  Qubit	  laser	  ~	  1	  kHz	  wide	  on	  few	  minute	  Lmescale	  for	  performing	  spectroscopy.	  

①  Can	  obtain	  a	  minimum	  2.5	  ms	  coherence	  Lme	  with	  spin-‐echo	  recovery	  techniques.	  
②  Maximum	  achieved	  Rabi	  frequency	  is	  150	  kHz	  with	  ~	  10	  microsecond	  operaLons.	  
③  Only	  single	  qubit	  rotaLons	  required	  for	  iteraLve	  phase	  esLmaLon	  algorithm	  (IPEA).	  
④  The	  necessary	  coherent	  control	  of	  a	  single	  qubit	  has	  been	  achieved.	  
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Axial mode (453kHz)heating after SB cooling
d �n� /dt = 44(4) quanta/s

�n� |t=0 = 0.05(0.03) quanta

Technical	  readiness	  .	  .	  .	  

A	  high	  precision	  isotope	  shim	  measurement	  on	  the	  qubit	  transiLon	  .	  .	  .	  

Quantum	  phase	  es2ma2on	  .	  .	  .	  
 Old	  trap	  developed	  an	  endcap-‐sleeve	  to	  RF	  short.	  	  Building	  a	  new	  trap.	  
 Also	  upgrading	  the	  imaging	  system.	  
 A	  novel	  applicaLon	  of	  quantum	  informaLon	  processing	  techniques	  to	  metrology.	  
 Will	  be	  a	  novel	  demonstraLon	  of	  a	  pracLcal	  quantum	  circuit.	  

The	  FPTA	  and	  q-‐FPGA	  .	  .	  .	  
 Currently	  designing	  and	  considering	  fabricaLon	  methods	  for	  construcLng	  proof-‐of-‐principle	  prototypes.	  
 ConLnuing	  to	  refine	  iniLal	  models	  and	  to	  explore	  the	  possibiliLes	  and	  piqalls	  allowed	  by	  a	  large	  
parameter	  space.	  
 Working	  to	  determine	  the	  most	  opLmal	  electrode	  scalings	  for	  integraLon	  of	  the	  microcoils	  with	  the	  
FPTA.	  	  (i.e.,	  working	  to	  determine	  the	  most	  opLmal	  configuraLon	  when	  considering	  design	  constraints	  
imposed	  by	  the	  scaling	  laws	  inherent	  to	  these	  two	  technologies.)	  
 Also	  considering	  the	  advantages	  and	  disadvantages	  of	  mulLple	  pixel-‐electrode	  and	  pixel-‐larce	  
geometries.	  

①  Repump	  to	  “0”-‐state	  and	  then	  prepare	  “+”-‐state	  with	  π/2	  pulse.	  
②  Sample	  the	  external	  (applied)	  field.	  
③  Perform	  feedforward	  rotaLon	  to	  modify	  	  	  	  	  condiLoned	  on	  all	  previous	  outcomes.	  
④  Map	  the	  internal	  state	  (in	  the	  x-‐direcLon)	  to	  the	  logical	  basis	  and	  readout.	  

A	  total	  of	  k	  itera=ons	  for	  k	  bits	  of	  precision,	  where	  j	  runs	  from	  1	  through	  k.	  
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The	  IteraLve	  Phase	  EsLmaLon	  Algorithm	  (IPEA)3	  .	  .	  .	  

Status	  and	  outlook	  .	  .	  .	  

On-‐chip	  excitaLon	  microcoils4,5	  +	  the	  Field	  Programmable	  Trap	  Array	  (FPTA)5	  =	  the	  quantum	  Field	  Programmable	  Gate	  Array	  (q-‐FPGA)5	  .	  .	  .	  

Using	  the	  IPEA	  in	  an	  example	  .	  .	  .	  

Excita2on	  microcoils	  to	  	  enable	  Logic	  
Scaling4,5	  .	  .	  .	  	  	  [PRA	  77,	  022324	  (2008)]	  
 Virtually	  eliminates	  decoherence	  from	  
spontaneous	  scawering.	  
 Allows	  laserless	  coherent	  operaLons.	  
 Simplified	  opLcs.	  
 Reduces	  engineering	  complexity.	  

Field	  Programmable	  Trap	  Arrays	  (FPTA’s)	  to	  
enable	  qubit	  array	  scaling5	  .	  .	  .	  
[Publica2on	  forthcoming.]	  
 Fully	  dynamically	  configurable	  array	  of	  
surface-‐electrode	  pixels	  w/	  a	  designer	  
superposiLon	  of	  RF	  &	  DC	  applied	  to	  each	  
pixel	  in	  each	  processor	  clock	  cycle.	  
 	  Dynamically	  build	  and	  rebuild	  (i.e.,	  “draw”	  
and	  “re-‐draw”	  w/	  pixels)	  a	  quantum	  
processor	  to	  suit	  a	  given	  algorithm.	  
 Designed	  to	  be	  compaLble	  (integrable)	  
with	  our	  microcoil	  concept.	  
 Enables	  determinisLc	  ion	  qubit	  transport	  
and	  reordering	  without	  RF	  heaLng	  or	  
dephasing,	  without	  using	  juncLons.	  

Poten2al	  Applica2ons	  .	  .	  .	  
 Scalable	  quantum	  compuLng	  
 Scalable	  linear	  and	  nonlinear	  sensing	  
 Scalable	  cold	  quantum	  chemistry	  
 Cat-‐state	  metrology	  (Diego	  Dalvit)6	  

 Integrate	  with	  atom	  chip	  tech?	  

①  We	  expect	  modest	  gains	  iniLally	  
with	  precisions	  at	  the	  percent	  level.	  

②  The	  ulLmate	  precision	  allowed	  with	  
the	  present	  apparatus	  remains	  to	  
be	  seen.	  

③  Currently	  considering	  designs	  for	  a	  
miniaturized	  version	  of	  the	  IPEA	  
sensor	  for	  magneLc	  field	  sensing	  
applicaLons.	  	  Expect	  to	  use	  more	  
robust	  microwave-‐based	  coherent	  
manipulaLon	  methods	  (see	  below)	  
and	  a	  resulLng	  increase	  in	  
ulLmately	  awainable	  precision.	  

Expected	  performance	  .	  .	  .	  
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Table 7.1: Summary of Open- and Closed-loop Performance of the

Slave Lasers and the Transfer Cavity - The results of the tests designed

to characterize the performance of the SSTC feedback loops using the transfer

cavity are summarized here. The reported bandwidths are upper bounds on the

response capability of each of the feedback loops to respond to deviations from

its setpoint which are deduced from observed oscillations at unity gain. The

feedback loops are generally most effective at addressing noise that is slower than

100 Hz. Thus the SSTC apparatus does not reduce fast noise on the slave lasers.

This is acceptable, however, since the problem that the SSTC apparatus was

constructed to address is to correct the slower drift rates characterized by the

observations reported here. When locked, each of the slave lasers is confined

to a small fraction of the natural linewidth of the Sr
+

transition that it is used

to address over the long-term. There is no bandwidth quoted for the frequency

doubled 422 nm laser since it is locked indirectly by virtue of the 844 nm pump

laser being actively locked with the SSTC. However, the drift rate and the RMS

deviations of the 422 nm light are reported as being a factor of two larger than

that of the 844 nm laser since the frequencies of the two lasers are related exactly

by a factor of two, due to their relationship via SHG. The stability of the transfer

cavity was also tested in a similar manner with the master laser locked to an

iodine transition, and that feedback loop was found to perform similarly to the

slave laser feedback loops.

Loop Bandwidth [Hz] Drift Rate [MHz/min] Locked RMS [kHz]

844 nm < 350 > 5/2 < 400 kHz

(422 nm) > 5 < 800 kHz

1033 nm < 157 > 3/2 < 400 kHz

1092 nm < 151 > 30 < 500 kHz

SSTC < 362 > 2 < 250 kHz

250

Sub-‐MHz	  long-‐term	  
stability	  for	  all	  lasers!	  

arXiv:1009.0883;	  also	  to	  appear	  in	  Phys.	  Rev.	  A	  

∆ν88,86meas = 570.281(4) MHz

15.5 16.0 16.5 17.0

21.830

21.835

21.840

21.845

21.850

21.855

21.860

21.865

A
O
M
fr
eq
u
en
cy
at
li
n
e
ce
n
te
r
�MHz

�

17.0 17.5 18.0 18.5 19.0 19.5 20.0

�7.190

�7.185

�7.180

�7.175

�7.170

�7.165

�7.160

�7.155

Time �h�

16 17 18 19 20
�10

�5

0

5

10

15

20

25

Time �h�A
O
M
fr
eq
u
en
cy
at
li
n
e
ce
n
te
r
�MHz

�

15.6 15.8 16.0 16.2

21.831

21.833

21.835

18.0 18.5 19.0 19.5
�7.180

�7.170

�7.160

�178.25 �178.20 �178.15 �178.10
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Probe laser frequency AOM offset �MHz�

Ex
ci
ta
tio
n
pr
ob
ab
ili
ty

ϕ

①  EsLmate	  bits	  from	  the	  LSB	  (bk)	  to	  the	  MSB	  (b1);	  robust	  against	  iniLal	  errors.	  
②  The	  number	  N	  of	  resources	  uLlized	  scales	  as	  2k	  for	  k	  bits	  of	  precision.	  
③  Precision	  scales	  as	  1/2k	  (or	  1/N),	  with	  a	  nominal	  increase	  for	  high	  confidence.	  
④  The	  QFT	  is	  implemented	  sequenLally	  on	  a	  single	  qubit.	  
⑤  The	  classically	  condiLoned	  “feedforward”	  depends	  on	  all	  previous	  measurements	  in	  

the	  sequence,	  and	  it	  enhances	  the	  accuracy	  of	  the	  obtained	  bit.	  
⑥  No	  entanglement	  (i.e.,	  only	  one	  qubit)	  is	  required,	  differing	  from	  other	  PEA’s,	  but	  

there	  is	  a	  trade-‐off	  in	  the	  Lme	  required	  to	  perform	  the	  measurement	  sequence	  for	  
this	  simplicity.	  

  Feedforward “cancels out” less 
sig. bits of φ	


  more-sig. bits obtained with 
higher accuracy 

x 

y 
ϕ = 3/8

Measure ϕ with k = 3...

ϕestimate = 2π. 110

= 2π

�
?× 1

2
+?× 1

4
+?× 1

8

�
110

simulated	  

Whether	  they	  are	  being	  held	  staLonary	  (i.e.,	  stored)	  or	  moved	  (i.e.,	  
transported)	  relaLve	  to	  the	  chip	  surface,	  ions	  (ion	  pairs)	  are	  always	  
located	  at	  the	  center	  (3-‐D	  potenLal	  minimum)	  of	  their	  electromagneLc	  
traps.	  	  (i.e.,	  an	  ion	  never	  "knows"	  whether	  it	  is	  moving	  or	  not!)	  

Shades	  of	  gray	  
indicate	  RF	  
amplitude	  with	  
black	  =	  max	  RF.	  

Light	  blue	  pixels	  
indicate	  DC	  only.	  

A	  ring	  “transport-‐storage”	  
trap	  

Ions	  are	  always	  held	  in	  ring	  (0-‐D)	  or	  linear	  (quasi-‐1-‐D)	  traps.	  	  Neighboring	  
ring	  traps	  can	  be	  adiabaLcally	  merged	  into	  linear	  traps	  to	  bring	  ions	  

together	  for	  gated	  logic	  (a	  reversible	  process).	  	  Ions	  may	  be	  transported	  
either	  along	  the	  RF	  nulls	  of	  linear	  traps	  using	  moving	  (animated)	  endcaps	  

or	  by	  moving	  their	  traps	  using	  smooth	  animaLon	  techniques.	  	  

A	  snapshot	  of	  the	  quantum	  processor	  during	  
a	  =mestep	  of	  the	  processor	  clock	  cycle:	  	  All	  
reconfiguraLon	  between	  such	  snapshots	  (i.e.	  
all	  moving,	  morphing,	  merging	  and	  
separaLon	  of	  trap	  structures)	  is	  to	  be	  
accomplished	  adiabaLcally	  using	  smooth	  
animaLon	  techniques	  (i.e.,	  similarly	  
to	  methods	  used	  for	  computer	  
graphics).	  

=	  	  	  	  	  stored	  ion	  

=	  1-‐qubit	  logic	  

=	  2-‐qubit	  logic	  

A	  linear	  “transport-‐logic”	  trap	  

Red	  pixels	  indicate	  
endcaps	  of	  linear	  
traps.	  
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